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To date, characterization of latently infected tissue with respect to the number of cells in the tissue harboring
the viral genome and the number of viral genomes contained within individual latently infected cells has not
been possible. This level of cellular quantification is a critical step in determining (i) viral or host cell factors
which function in the establishment and maintenance of latency, (ii) the relationship between latency burden
and reactivation, and (iii) the effectiveness of vaccines or antivirals in reducing or preventing the establishment
of latent infections. Presented here is a novel approach for the quantitative analysis of nucleic acids within the
individual cells comprising complex solid tissues. One unique feature is that the analysis reflects the nucleic
acids within the individual cells as they were in the context of the intact tissue—hence the name CXA, for
contextual analysis. Trigeminal ganglia latently infected with herpes simplex virus (HSV) were analyzed by
CXA of viral DNA. Both the type and the number of cells harboring the viral genome as well as the number
of viral genomes within the individual latently infected cells were determined. Here it is demonstrated that (i)
the long-term repository of HSV-1 DNA in the ganglion is the neuron, (ii) the viral-genome copy number within
individual latently infected neurons is variable, ranging over 3 orders of magnitude from <10 to >1,000, (iii)
there is a direct correlation between increasing viral input titer and the number of neurons in which latency
is established in the ganglion, (iv) increasing viral input titer results in more neurons with greater numbers
of viral-genome copies, (v) treatment with acyclovir (ACV) during acute infection reduces the number of
latently infected ganglionic neurons 20-fold, and (vi) ACV treatment results in uniformly low (<10)-copy-
number latency. This report represents the first comprehensive quantification of HSV latency at the level of
single cells. Beyond viral latency, CXA has the potential to advance many studies in which rare cellular events
occur in the background of a complex solid tissue mass, including microbial pathogenesis, tumorigenesis, and

analysis of gene transfer.

Unraveling the molecular interactions which underlie the
establishment and maintenance of latent infections and peri-
odic reactivation remains a major frontier in understanding
and ultimately controlling herpes simplex virus (HSV). The
ability to quantify viral burden at the level of single cells is
essential for understanding many aspects of latency and reac-
tivation. For example, the number of viral-genome copies
within individual latently infected cells has been hypothesized
to be central to the mechanism of reactivation by Roizman and
Sears (29, 30) and Kosz-Vnenchak et al. (18). The inability to
determine the number of latently infected neurons and the
viral-genome copy number has made it impossible to discrim-
inate between a role in establishment and a role in reactivation
of genes which show a reduced reactivation phenotype (30).

Detection of the latency-associated transcript (LAT) RNA
by in situ hybridization was the first approach used to mark
latently infected neurons (6, 27, 28, 38-42). With respect to
viral DNA, quantification of viral genomes in DNA harvested
from latently infected ganglia was initially attempted by slot
blot (21, 36). The application of PCR greatly increased the
sensitivity of detecting the viral genome, and the quantitative
assay developed by Katz et al. (16) represented a significant
advance in the ability to measure the total amount of viral
DNA in latently infected tissue. Modifications of this approach
have been utilized by several investigators to quantify latency
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(8, 13, 26). Although it is a valuable measure, important infor-
mation is lost in this analysis—namely, the number of cells
which contain the viral genome and the number of viral-ge-
nome copies within individual latently infected cells. The in-
creased sensitivity of in situ PCR has for the first time allowed
detection of the latent viral genome in sectioned mouse ganglia
(23, 25). Using this approach, Mehta et al. were able to dem-
onstrate that more neurons contained the viral genome than
contained detectable levels of LATSs by in situ hybridization
(25). Unfortunately, this critical advance does not include the
means to quantify the number of viral genomes within individ-
ual latently infected cells.

Because of the potential importance of this parameter in the
control of reactivation, we set out to develop an assay to quan-
tify viral latency with respect to both the number of latently
infected cells and the viral-genome copy number within indi-
vidual latently infected cells. The approach was to transform
the solid tissue into a single-cell suspension, to utilize a quan-
titative PCR assay to determine the number of latently infected
cells within the dissociated tissue, and to quantify the number
of viral genomes within the individual infected cells. The dis-
sociation of living tissues is a well-established procedure (7,
48); however, the low recovery of adult neurons and the mo-
lecular changes triggered in cells during the dissociation made
direct use of this approach undesirable. As detailed in this
article, these problems were obviated by chemically stabilizing
the tissue by fixation prior to dissociation. Presented here are
data which demonstrate that this new method, called CXA (for
contextual analysis), can be used to accurately and precisely
quantify viral latency at the level of individual cells.
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MATERIALS AND METHODS

Animals. Male Swiss Webster mice weighing 18 to 22 g (Harlan) housed in
American Association for Laboratory Animal Care-approved facilities under
National Institutes of Health guidelines were used for these studies.

Perfusion fixation and dissociation. Mice to be perfused were dosed intra-
peritoneally with 80 mg of sodium pentobarbital per kg of body weight and
monitored for absence of pressure reflex. Deeply anesthetized mice were per-
fused by using a peristaltic pump, inserting the inflow needle into the left
ventricle of the mouse, and clipping the right atrium or ventricle for outflow.
Circulation of 20 ml of room temperature Streck’s tissue fixative (STF) (Streck
Laboratories, Inc.) was followed by 50 ml of fixative heated to 80°C. The tissues
of interest were removed, finely minced, and placed in a solution of 0.25%
collagenase (CLS I; Worthington) in Hanks balanced salt solution at 37°C. The
tissue suspension was gently triturated, and the dissociation was monitored by
microscopic examination of small aliquots. At completion, the dissociated tissue
was gently pelleted, the collagenase was removed, and the pellet was resus-
pended in STF for a 15-min postfixation. Various lots of collagenase were
screened for DNase and RNase activities and selected on the basis of the absence
of nuclease activity.

Virus, inoculation, and replication kinetics. Stocks of HSV-1 strain 17syn+
(originally obtained from John Subak-Sharpe, Medical Research Council, Glas-
gow, Scotland) were generated and titered in rabbit skin cell (RSC) monolayers
by routine procedures (44).

Anesthetized mice were inoculated by placing 10 pl of viral stock onto scari-
fied corneas (34, 47). The acute phase of infection was monitored by determining
the titers of virus in the eyes and the trigeminal ganglia (TG) in groups of three
mice on the days indicated by a standard plaque titration assay on RSC mono-
layers.

Nucleic acid isolation. For DNA isolation, perfusion-fixed dissociated cells
were pelleted and resuspended in a solution of 20 mM Tris and 20 mM EDTA,
pH 7.4, containing 100 p.g of proteinase K (Gibco BRL) per ml and 0.5% sodium
dodecyl sulfate (SDS) and incubated at 55°C for 3 h (31). The samples were
extracted with phenol-chloroform and precipitated with ethanol. For RNA, cell
pellets were pulverized under liquid nitrogen and homogenized in Ultraspec
RNA reagent (Biotecx) according to the manufacturer’s specifications.

Immunohistochemistry. STF perfusion-fixed dissociated neurons harvested
from TG were placed on glass slides (Superfrost Plus; Sigma) and air dried.
Ganglia harvested from STF or 4% paraformaldehyde perfusion-fixed mice were
dehydrated in graded ethanols and embedded in paraffin, and 8-wm-thick sec-
tions were picked up on glass slides. Slides were baked at 58°C overnight to
facilitate adherence of tissue section to the slide. Paraffin was removed from
sectioned ganglia in xylene and then washed in 100% ethanol. Slides containing
sectioned ganglia and dissociated cells were rehydrated in phosphate-buffered
saline (PBS), incubated in methanol containing 0.75% H,O, for 15 min, rinsed
in PBS, and subsequently incubated in PBS containing 5% nonfat dry milk and
0.2% Nonidet P-40 for 30 min. Rabbit anti-neurofilament 200 antibody (Sigma)
was utilized in a standard three-step biotin-avidin-horseradish peroxidase assay
as detailed previously (33).

Western blot analysis. Sample preparation, SDS-polyacrylamide gel electro-
phoresis, and Western blot analysis have been described in detail previously (20,
33, 46). In brief, equivalent volumes of fresh liver and perfusion-fixed dissociated
liver cells were homogenized in Laemmli cocktail and boiled for 5 min. Lysates
were loaded onto standard SDS-8% polyacrylamide gels, electrophoresed, and
electrotransferred to nitrocellulose. Efficiency of transfer was monitored by vi-
sualizing transferred proteins with Ponceau S as described elsewhere (33). The
nitrocellulose membrane was loaded into a Hoeffer blotting unit, and immuno-
histochemical detection of actin was carried out with monoclonal antibody C4
(kindly provided by J. L. Lessard), which recognizes cytoplasmic actin isoforms
(22). Binding of C4 to the membrane was detected by incubating with biotinyl-
ated anti-mouse antibody diluted 1:500 (Vector Laboratories) followed by an
avidin-alkaline phosphatase conjugate diluted 1:500 (Vector Laboratories). Vi-
sualization of complexes was carried out with the Vector Black substrate kit
(Vector Laboratories) as directed by the manufacturer. A portion of the gel was
stained with Coomassie blue to allow visualization of the full spectrum of pro-
teins.

ACYV treatment. Acyclovir (ACV) (Burroughs Wellcome) was administered
intraperitoneally at a dose of 50 mg/kg three times/day for 6 days starting at the
time of viral inoculation. Sterile saline was administered identically to control
mice.

Gradient purification of dissociated TG. The Percoll (Pharmacia) gradient
resulting in the cleanest separation of neurons from support cells was determined
empirically. The pH of Percoll was adjusted to 6.0, and dissociated TG were
layered onto 40/50/60 gradients and separated by centrifugation at 800 X g at 4°C
for 10 min. The separation of TG neuronal populations was facilitated by heating
the cell suspensions to 70°C for 15 min during the postfixation step, resulting in
the separation of neurons at the 50/60 interface.

Neuronal cells were counted as follows. Aliquots were placed onto glass slides
(Superfrost Plus; Sigma), air dried, and either counterstained with cresyl violet or
assayed for neurofilament immunoreactivity as described above. The number of
neurons in aliquots of the dissociated cell suspensions was determined by count-
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ing the number of cells morphologically consistent with being neurons which was
confirmed on the basis of neurofilament immunoreactivity.

DNase treatment. Predictably, cell-free supernatants from dissociated latently
infected ganglionic cells contained both HSV and mouse DNA detectable by
PCR. DNase I added to purified cells resulted in loss of all amplifiable DNA in
a time-dependent manner (see Fig. 3B), indicating that the free enzyme diffused
into the fixed cells and destroyed the intracellular DNA. Selective elimination of
extracellular DNA was accomplished by using DNase I covalently linked to beads
(Mobitec). This immobilized DNase I contained no detectable free DNase I
activity, as reported by the manufacturer and confirmed by spiking supernatants
from the preparation with DNA. In contrast to treatment with DNase in solution,
the immobilized DNase I-treated cell samples showed an initial reduction in
levels of mouse DNA, which then remained stable even after an additional 24-h
incubation with fresh enzyme (see Fig. 3B). When purified neurons harvested
from uninfected TG were spiked with HSV DNA, treatment with immobilized
DNase I resulted in the complete elimination of amplifiable HSV DNA (see Fig.
3B). Analysis of mouse DNA in these samples yielded the predicted signal
intensity for the number of cells in the sample. These results demonstrate the
ability to remove extracellular DNA (in this case, HSV DNA) while leaving the
intracellular DNA (mouse genomic DNA) intact.

PCR analysis of DNA within perfusion-fixed dissociated cells. All reagents
used were determined to be HSV and mouse DNA contamination free. Disso-
ciated, gradient-purified neurons (or support cells) were rinsed in distilled H,O,
and aliquots were assessed microscopically for quantity and purity. Cells were
counted as neurons on the basis of size and morphology (see Fig. 3A), which was
confirmed in preliminary studies using immunohistochemical staining for neu-
rofilament protein as a neuronal marker (see Fig. 1C). A portion of the cells was
diluted so that the number to be analyzed was contained in a 1-ul volume.
Ponceau S solution was added (1/200 volume) to the diluted cells. This dye,
which stains the cells red, did not interfere with subsequent reactions and al-
lowed visualization of the cells so that the precise number in each PCR tube
could be determined microscopically prior to analysis. Immobilized DNase on
polyvinyl beads (Mobitec) was resuspended in reaction buffer (20 mM Tris-HCI,
5 mM MgCl,, 5 mM CaCl, [pH 7.5]) so that 5 pl contained 50 to 100 beads which
were gently mixed into each 1-pl cells sample. The optimum number of DNase
beads is determined for each batch of immobilized DNase by assaying for
complete removal of amplifiable exogenous HSV DNA as described above.
Samples were incubated at 37°C for several hours or overnight. (When cells were
aliquoted at the single-cell level, many of the tubes contained no cells. Some of
these tubes were employed as controls for the completeness of the DNase
treatment.) Samples were placed in a PCR GeneAmp 2400 (Perkin-Elmer Ce-
tus) and heated (94°C for 5 min) to inactivate the DNase. The temperature was
reduced to 50°C, 34 pl of solution A (20 mM Tris-HCI [pH 8.4], 50 mM KClI, 4.5
mM MgCl,, 50 pg of proteinase K per ml) was added to each sample, and the
mixtures were incubated for 3 h. Standards were prepared and quantitated as
described elsewhere (16, 35), and dilutions representing 10,000, 1,000, 100, 10,
and 0 HSV genomes in 6 pl were treated identically to the way the cell samples
were treated with the exception of the DNase treatment. Samples and standards
were incubated at 94°C for 7 min to inactivate proteinase K and then at 63°C for
the addition of 10 .l of solution B (20 mM Tris-HCI [pH 8.4], 50 mM KCl, 4.5
mM MgCl,, 5% gelatin, 200 wM each deoxynucleoside triphosphate, 50 pmol of
each primer [16]) and 1.25 U of Tag DNA polymerase (Gibco BRL) per reaction,
for a total volume of 50 pl. Amplification parameters were 94°C for 30 s, 55°C for
30 s, and 72°C for 30 s for 40 cycles followed by a 7-min final extension at 72°C.
Five microliters of each PCR product was electrophoresed through a 12% poly-
acrylamide gel, transferred to a nylon membrane (GeneScreen Plus), and probed
with a 3?P-end-labeled oligonucleotide internal to the PCR primers as described
elsewhere (16, 31, 35). The blots were exposed to a storage PhosphorImager
cassette (Molecular Dynamics) and analyzed according to the manufacturer’s
protocol with ImageQuant software. Amplification of the viral genome with the
ICP27 primers was performed as above with the exceptions that the MgCl,
concentration was 2.5 mM and the annealing temperature was 60°C. The se-
quences of the ICP27 primers are as follows: forward, 5" AAGATGTGCATCC
ACCACAACC 3'; reverse, 5" GCAATGTCCTTAATGTCCGCC 3'; internal, 5’
CCTTTCTCCAGTGCTACCTGAAGG 3'.

RESULTS

CXA: fixation/dissociation and the integrity of DNA, RNA,
and protein in fixed cells after dissociation. The goal was to
develop a method for the comprehensive quantitative analysis
of latently infected tissue at the level of single cells. The ap-
proach was to transform the solid tissue into a single-cell sus-
pension and utilize a quantitative PCR assay to determine the
number of latently infected cells within the dissociated tissue as
well as to quantify the number of viral genomes within the
individual infected cells. In preliminary studies, well-estab-
lished procedures for the dissociation of living tissue were
utilized (7, 48); however, this approach proved to be inade-
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FIG. 1. (A) Photomicrograph of single-cell suspensions obtained from per-
fusion-fixed tissues. Mice were perfusion fixed with STF, and selected tissues
were removed, minced, and dissociated in collagenase as detailed in Materials
and Methods. Shown are perfusion-fixed liver (a), intestine (b), and heart (c)
tissues after dissociation. The cell suspensions were dried onto glass slides,
counterstained with cresyl violet, and mounted with Permount. (B) RNA and
DNA isolated from perfusion-fixed dissociated cells. Routine isolation proce-
dures were used to extract nucleic acids from perfusion-fixed tissue after disso-
ciation (31). RNA (a) and DNA (b) samples were obtained from perfusion-fixed
dissociated brain tissue and electrophoresed through standard ethidium-stained
agarose gels. Lane M, size markers related to RNA. The DNA migrated above
the 23-kb marker as indicated. (C) Immunohistochemical localization of neuro-
filament protein. Mice were perfusion fixed with STF, half of the ganglia were
embedded in paraffin, and 8-wm-thick sections were cut on a rotary microtome.
The remaining half was dissociated into a single-cell suspension, which was
aliquoted and air dried onto glass slides as detailed in Materials and Methods.
Both the paraffin-embedded fixed sectioned ganglia (a) and the dissociated
perfusion-fixed ganglionic neurons (b) were examined for neurofilament protein
by using a rabbit antibody specific for this protein. A standard three-step biotin-
avidin-peroxidase immunohistochemical detection assay was utilized. (c) Rabbit
serum control.

quate because of the low (10 to 20%) recovery of adult neurons
and the molecular changes triggered in cells during the disso-
ciation process. In an attempt to overcome these problems, the
feasibility of dissociating tissues after chemical stabilization of
fixation was tested.

Several common fixation formulations were tested in com-
bination with alternative digestive enzymes. For the most part,
the tissue either remained a solid mass or disintegrated into
cellular debris. However, perfusion with STF followed by di-
gestion with collagenase yielded single-cell suspensions from
many solid-tissue types including peripheral and central ner-
vous tissues, lung, liver, intestine, heart, pancreas, and repro-
ductive tract. Microscopic examination of dissociated tissues
showed that the vast majority of cells were morphologically
intact (Fig. 1A). Analysis of DNA and RNA isolated from
perfusion-fixed tissues after dissociation demonstrated that the
nucleic acids within the cells were not significantly degraded
during the process (Fig. 1B). By immunohistochemical stain-
ing, the distribution of cytoskeletal proteins including actin and
neurofilament in dissociated cells was similar to that in sec-
tioned tissue (Fig. 1C). There was no difference in the staining
pattern in STF- or 4% paraformaldehyde-fixed sectioned ma-
terial (not shown). Coomassie-stained SDS-polyacrylamide
gels of lysates prepared from fresh liver and perfusion-fixed
dissociated liver cells were also similar (Fig. 2). Western blot
analysis for actin in lysates prepared from perfusion-fixed tis-
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sue after dissociation showed the predicted 43-kDa band with
no apparent degradation (Fig. 2). These analyses demon-
strated that perfusion-fixed tissues could be dissociated into
morphologically intact single-cell suspensions and that the nu-
cleic acids and proteins within the cells remained intact.

Using fixed dissociated cells to quantify HSV latency in TG.
The mouse model of HSV corneal infection is a widely used
animal model of HSV-1 infection (1, 4, 8, 18, 19, 23, 25, 29, 34,
35, 40, 41, 47) and was thus chosen for these studies. Inocula-
tion at the corneal surface with HSV results in the establish-
ment of latent infections in the TG (47). In preliminary exper-
iments it was determined that perfusion-fixed TG could be
dissociated into single-cell suspensions. The reproducibility of
recovery of neurons from perfusion-fixed TG was determined
by independently dissociating perfusion-fixed ganglia from
each of five uninfected mice. Neurons were counted in aliquots
of TG suspensions as detailed in Materials and Methods. The
numbers of neurons recovered from the TG of different ani-
mals were found to be similar, ranging from 22,500 to 25,583
with an average of 24,117 = 1,542 per ganglion or 48,234 =
3,084 per ganglionic pair. This number is in the neighborhood
of an estimate of 19,000 neurons/ganglion made from the anal-
ysis of sectioned mouse TG (5). However, another report of
mouse TG estimated only 15,000/ganglion (10). The numbers
given for rat TG are considerably higher, ranging from 25,000/
ganglion (2) to 65,000/ganglion (3), and for cat the estimate is
11,000 to 18,000/ganglion (15). It is clear that there is consid-
erable variation in the number of TG neurons estimated by
different investigators examining the same species and an even
greater variation among species. Although the absolute num-
ber of neurons in the mouse TG is not yet defined, these data
demonstrate that similar numbers are recovered from different
mice and that these numbers are not lower than estimates
made from sectioned ganglia.

The dissociated TG suspensions contained single cells in-
cluding neurons, satellite, and other support cells. Also present
were tubular fragments (~200 wm) of myelin lined by very
small cells which did not dissociate. Although the full spectrum
of cell types capable of supporting HSV latent infections has
not yet been determined, it is clear that the viral genome does
reside within ganglionic neurons (6, 23, 25, 27, 28, 35, 38-42)
and also reactivates in this cell type (24, 34). It was therefore
desirable to obtain neurons separated from other cell types. As
detailed in Materials and Methods, enriched populations of
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FIG. 2. Comparative analysis of proteins from homogenates of fresh tissue
and perfusion-fixed dissociated tissue. Lanes 1 and 2, Coomassie-stained
SDS-8% polyacrylamide gel of homogenates of fresh liver tissue and perfusion-
fixed dissociated tissue, respectively; lanes 3 to 6, Western blot analysis of
SDS-8% polyacrylamide gels of homogenates of fresh liver tissue (lanes 3 and 5)
and perfusion-fixed dissociated tissue (lanes 4 and 6). Monoclonal antibody C4
which recognizes all actin isoforms (22) was used in lanes 3 and 4. Lanes 5 and
6, controls in which the primary antibody was omitted. There is strong immu-
noreactivity to a 43-kDa band in homogenates from both fresh liver tissue and
perfusion-fixed dissociated liver cells.
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FIG. 3. (A) Photomicrographic series of the dissociation and gradient puri-
fication of perfusion-fixed TG. For comparative purposes, a section through a
routinely processed paraffin-embedded TG counterstained with cresyl violet to
emphasize the cellular components is shown (a). The ganglion is comprised of
neurons (relatively large cells) and many small satellite/support cells. The archi-
tecture of the ganglia and the relationship between neurons and satellite cells
becomes apparent during the dissociation of perfusion-fixed minced ganglia.
Sampling during the dissociation process and examination of whole cells follow-
ing cresyl violet staining reveals satellite cells peeling away from ganglionic
neurons (b). After dissociation, cell populations were separated on Percoll gra-
dients as detailed in Materials and Methods. Aliquots of perfusion-fixed disso-
ciated and gradient-purified neurons (c) and satellite/support cells (d) are shown
at the same magnification and are representative of samples analyzed by PCR.
(B) Selective removal of extracellular DNA. (a) Triplicate samples each contain-
ing 10 purified neurons (see panel ¢ above) (harvested from the TG of perfusion-
fixed uninfected mice) were treated with no DNase, free DNase, or DNase
immobilized on beads (Im) as indicated. Following treatment, PCR amplification
of the single-copy mouse adipsin gene was carried out on these samples and
standards (Stds) representing 1,000, 100, 10, and 0 diploid mouse genomes (16,
35). Note that fresh Im DNase was added at 24 h to samples incubating for 48 h.
(b) HSV DNA representing 500 viral-genome copies was added to samples each
containing 10 purified neurons (harvested from uninfected mice). Spiked sam-
ples were left untreated (first two lanes) or were treated with Im DNase, and the
samples were incubated at 37°C for the times indicated (in minutes). Following
treatment, PCR amplification of the HSV TK gene was carried out as described
elsewhere (16, 35). ImageQuant software was used to generate the tracings of the
blots shown.
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neurons or satellite/support cells were obtained by separating
the perfusion-fixed dissociated cells on Percoll gradients (Fig.
3A). Cells such as those shown in Fig. 3A could now be ob-
tained from latently infected tissue and analyzed by quantita-
tive PCR for the viral genome to determine both the number
of latently infected cells and the viral-genome copy numbers
within individual latently infected cells.

Before the analysis of latently infected ganglia, the issue of
extracellular DNA contamination needed to be addressed. The
principal goal was to develop a system which yielded informa-
tion on the DNA contents of selected groups or individual cells
dissociated and purified from a heterogeneous population.
Therefore, DNA released from cells during the dissociation
process or introduced from exogenous sources needed to be
eliminated prior to analysis. This was accomplished by using
DNase I covalently linked to beads as detailed in Materials and
Methods. As shown in Fig. 3B, this treatment resulted in the
removal of amplifiable extracellular DNA while leaving intra-
cellular DNA intact.

Localization of viral genomes. On the basis of in situ hybrid-
ization for LAT RNA:s, it has been concluded that the neuron
is the site of HSV-1 latency (6, 27, 28, 38-42). More recently in
situ PCR for HSV DNA, an assay shown to mark more latently
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infected neurons than those containing detectable LATS, has
upheld this conclusion (25). However, the intimate physical
association between neurons and satellite cells and the dispar-
ate sizes between the two cell types could easily result in failure
to recognize a positive signal from satellite cells in sectioned
ganglia. Utilization of dissociated TG cell populations pro-
vided the opportunity to screen large numbers of cells by PCR
for the viral genome. Because positive signals would be de-
tected by probing the PCR products, the potential difficulties
in interpreting signals on sectioned material would be circum-
vented. Therefore, we used CXA to examine which ganglionic
cell types harbored latent viral DNA (CXA-D).

Mice which had been inoculated via corneal scarification
with 2 X 10° PFU of 17syn+ at least 30 days before were
perfusion fixed, and the TG were dissociated as described
above. Dissociated TG cell suspensions from groups of six
latently infected ganglia were separated into neuron and sat-
ellite/support cell populations on Percoll gradients. Samples
containing 20 neurons or >100 support cells were analyzed for
HSV DNA as detailed in Materials and Methods. Ninety per-
cent (9 of 10) of the neuron samples but none of the support
cell samples (0 of 10) were positive for the viral genome (Fig.
4A). These findings indicated that the latent viral genome was
predominantly within neurons. In order to more completely
assess the distribution of viral genomes in latently infected
ganglia, the remaining fractions from the Percoll gradients as
well as unfractionated TG cell suspensions were analyzed.
Samples were characterized with respect to the number of cells
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FIG. 4. (A) Cellular distribution of viral genomes in latently infected ganglia.
Neuron and satellite cell populations were harvested from a sample of six latently
infected perfusion-fixed ganglia as described in Materials and Methods and
analyzed for the HSV genome by PCR using the viral TK primers (16, 35).
Shown are the HSV TK PCR products amplified from samples containing 20
neurons each (see panel c in Fig. 3A) or >100 support cells each (see panel d in
Fig. 3A). Also shown are the standards (Stds) representing 1,000, 100, 10 (du-
plicate samples of this standard were amplified), and 0 HSV genomes amplified
along with the samples. (B) PIN. Additional neurons from the group in panel A
were aliquoted (three or four per sample) and analyzed for HSV DNA as
described in Materials and Methods. Shown are the HSV TK PCR products
amplified from 40 samples of three or four neurons each and HSV standards.
The densitometric tracing emphasizes the variability in the number of genome
copies within individual latently infected neurons. (C) Summary of CXA-D
analysis of latently infected neurons. The total numbers of samples, the total
numbers of neurons contained within these samples, the numbers of positives,
and the PINs are listed. The results of adding uninfected neurons to this pool of
latently infected neurons are also summarized. (D) Viral-genome copy numbers
in individual latently infected neurons before (a) and after (b) mixing with
uninfected neurons. The viral-genome copy number in each positive neuron was
calculated by comparing the counts per minute in the sample to the standard
curve. Each symbol represents a single positive neuron. The numbers of negative
neurons appear at the bottom.
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and presence of neurons as described in Materials and Meth-
ods. Detection of viral DNA correlated with the presence of
neurons. Cell samples devoid of neurons were negative despite
the presence of large numbers of other cell types (0 of 13
samples with >500 cells each). Very rarely a sample of a large
number of satellite/support cells was HSV positive (data not
shown). There are three possible explanations for this obser-
vation: (i) a very rare HSV DNA-containing satellite cell (<1
in 10,000), (ii) incomplete removal of contaminating extracel-
lular DNA, or (iii) an undetected contaminating neuron. We
cannot rule out any of these possibilities. However, the other-
wise strict segregation of viral genomes to neurons would sug-
gest that an undetected contaminating neuron is the most
likely explanation. The fact that under certain inoculation con-
ditions one in three neurons was found to contain the viral
genome whereas the number of viral genomes detected in cell
samples devoid of neurons remained very low (<0.1% of cells)
indicates that the vast majority of latent HSV-1 resides within
neurons. It should be noted that the restriction of viral ge-
nomes to the neuronal population is not due to an inability to
detect the DNA in nonneuronal cells, since prior to day 10
postinfection (p.i.), HSV DNA was detected in the satellite/
support cell population (data not shown).

Frequency of HSV DNA-containing neurons. The use of
CXA-D to determine the percentage of infected neurons in the
ganglia was next tested. Since all but 1 of the 20 neuron sam-
ples were positive, the number of neurons per tube was re-
duced to three or four. Subsequent analysis demonstrated that
if a sample was positive, there was a 90% chance that there was
only one positive neuron in the sample. Two groups were
analyzed independently. The first group included 37 samples
(13 with three neurons and 24 with four neurons). Ten of the
37 samples (134 neurons) were HSV DNA positive, indicating
that the percentage of infected neurons (PIN) in these ganglia
was 7.5% (Fig. 4B and C).

The second group included 81 samples (36 with three neu-
rons and 45 with four neurons). Twenty-one of the 81 samples
(288 neurons) or 7.3% of the neurons were positive, in close
agreement with the PIN of 7.5 obtained for the first group (Fig.
4C). This number is significantly higher than the estimates of
1% obtained by the most commonly used measure, in situ
detection of the abundant LAT RNA (1, 29, 38). However, it
is closer to the estimate of 4.8% generated by in situ PCR
analysis of viral DNA (25). As is demonstrated in this report,
depending on the virus, the input titer, and the extent of viral
replication, the number of neurons in which latency is estab-
lished can span a wide range, from <1 to 30%. Thus, a direct
comparison of CXA-D and in situ PCR analyses would be
required to determine the relative sensitivities of these two
methods for determining the number of latently infected neu-
rons.

Viral-genome copy number within individual neurons. By
comparison to viral-genome standards, it was evident that the
number of viral genomes contained within individual latently
infected neurons ranged over 3 orders of magnitude, from <10
to 1,000 (Fig. 4B and D). In order to determine whether this
reflected a real difference in the number of viral-genome cop-
ies within individual latently infected neurons or merely the
level of variability inherent in the assay, CXA-D for the single-
copy mouse adipsin gene was performed on 11 samples con-
taining 10 perfusion-fixed dissociated mouse cells each to de-
termine reproducibility. Comparison to mouse genomic DNA
standards revealed a mean diploid copy number of 9 per sam-
ple with a range of 5.2 to 10.3. Thus, the fact that the number
of viral genomes in individual latently infected cells ranged
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over 3 orders of magnitude could not be attributed to variabil-
ity in the assay.

It was important at this point to establish (i) that what was
being measured was viral DNA within cells, (ii) that the assay
was reproducible, and (iii) that the results obtained accurately
quantified ganglionic latency. In order to address the first is-
sue, a mixing experiment was performed. The prediction was
that if the viral DNA being measured was actually within cells,
then mixing neurons from latently infected ganglia with neu-
rons from uninfected ganglia should result in a reduction in the
number of latently infected neurons in the population. The
number of viral genome copies within those neurons which
were latently infected, however, should remain the same. Neu-
rons purified from perfusion-fixed uninfected ganglia were
mixed with the latently infected pool of neurons in a ratio of
3:1 with the expectation of reducing the number of HSV-
containing neurons in the population fourfold. The PIN of the
mixed population was reduced by a factor of 4.25, from 7.4 to
1.7% (20 of 1,160 neurons, analyzed in 75 samples [40 samples
with 15 neurons each and 35 with 16 neurons each) (Fig. 4C).
The range of viral-genome copies within the individual in-
fected neurons, however, did not change (Fig. 4D), indicating
that the quantal distribution of viral DNA being measured
within the cell population was stable. An additional mixing
experiment was performed in which perfusion-fixed uninfected
and latently infected ganglia were minced, dissociated, and
purified together. Again, the PIN in the mixed group was
reduced from that of the latently infected ganglia harvested
from the same group of mice as predicted. The range of viral-
genome copy number within individual latently infected neu-
rons was similar (data not shown).

Reproducibility of the assay. In order to test the reproduc-
ibility of the assay, at >30 days p.i., mice inoculated via corneal
scarification with 10° PFU of TB, a 17 syn+ based thymidine
kinase-negative (TK ™) mutant, were perfusion fixed, and the
TG were dissociated. TB was utilized because preliminary ex-
periments demonstrated that when inoculated on the cornea,
this TK™ mutant established fewer latent infections, making it
possible to analyze neurons in groups of 10 rather than indi-
vidually. In this experiment, three groups of three mice each
were analyzed independently. In addition, the number of la-
tently infected neurons in one group of mice was determined in
three independent analyses. The three groups of mice had
similar numbers of latently infected neurons: 3.7, 3.1, and 3.7%
(6 of 180, 5 of 160, and 7 of 190, respectively). Independent
analyses of a single group were also similar: 3.3, 4.0, and 3.9%
(6 of 180, 8 of 200, and 7 of 180, respectively). The variation
within and among groups was not significant (P = 0.998).

Accuracy of the assay. The accuracy of the assay in quanti-
fying ganglionic latent infections was addressed through the
following questions. (i) Was the frequency of latently infected
neurons in the entire ganglionic neuronal population similar to
that in enriched neuronal population? (ii) Did the region of
the viral genome chosen for amplification bias the results? (iii)
Was the total number of viral DNA molecules determined
from the frequency and genome copy number profile obtained
through CXA-D similar to the number determined by the
whole-ganglion PCR assay developed by Katz et al. (16)? Fi-
nally (iv), Did the assay reflect predicted changes in the estab-
lishment of latent infections resulting from manipulations of
input titer or viral replication?

In order to determine whether the number of latently in-
fected neurons in the Percoll gradient-enriched neuronal pop-
ulation represented that for the entire ganglionic neuronal
population, neurons from all parts of the gradient were ana-
lyzed for viral DNA. At 30 days p.i., mice which had been
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TABLE 1. Effect of input titer on PIN

Input PFU* PFU/TG pair® No. of infected neurons (PIN)
4 x10° 1.6 x 10* 8/75 (10.6)
4x10* 1.4 x 10* 21/88 (23.9)
4x10° 1.6 x 10* 25/82 (30.5)

4 %100 6.0 X 10* 18/63 (28.6)

“ Total number of PFU placed on scarified corneas.
® Peak titers in all groups were reached on day 4 p.i. and are reported as the
average PFU per TG pair.

inoculated via corneal scarification with 4 X 10* PFU of strain
17syn+ were perfusion fixed, and the TG were dissociated. In
aliquoting samples, only the number of neurons per tube was
taken into consideration. Single-neuron samples were ana-
lyzed. However, from most portions of the gradient, the sam-
ples contained many other cells in addition to the single neu-
ron. The results demonstrated that utilizing the enriched
neuron population did not bias the results. Twenty percent (32
of 160) of the neurons analyzed from the enriched neuronal
population, compared to 18% (46 of 256) of neurons from
other regions of the gradient, contained the viral genome.
There is no statistically significant difference between these
numbers.

In order to test the possibility that the region of the viral
genome being amplified resulted in an over- or underrepre-
sentation of the number of latently infected neurons, primers
corresponding to a portion of the ICP27 coding region were
selected. The percentage of latently infected neurons deter-
mined with the ICP27 primers, 18% (18 of 98), was not differ-
ent from those obtained in analysis with the TK primers, 20
and 18%. These findings demonstrated that amplification of
two distinct regions of the viral genome resulted in the same
percentage of latently infected neurons. Thus, the PIN ob-
tained was independent of the region of the genome being
amplified.

The amplification of the viral genome from DNA isolated
from whole ganglia is frequently used to quantify the number
of viral DNA molecules in the ganglia (8, 13, 16, 19, 35). A
direct comparison of the value obtained from this method with
that obtained by CXA-D is not possible. However, a group of
latently infected mice was analyzed, using both methods. Mice
were inoculated with 10° PFU of the TK ™ mutant, and at 30
days p.i., ganglionic pairs harvested from three mice were in-
dividually processed for whole-ganglion PCR as described else-
where (35). Perfusion-fixed ganglia from additional mice were
analyzed by CXA-D. The PIN was determined to be 3.7% (54
of 1,470) (see “Reproducibility of the assay” above) with an
average of 25 copies/positive neuron. With 20,000 as the num-
ber of neurons per ganglion (5), the total number of viral DNA
molecules per ganglionic pair would be 3.7 X 10, comparing
well with the average value obtained by using whole-ganglion
PCR, 3 X 10* = 2 X 10* This value also compares well with
the value reported by Katz et al. (16) for two other TK™
mutants.

Input titer and the establishment of latency. A simple and
testable hypothesis is that increased viral input titer would
result in an increased number of latently infected neurons. In
order to test this, mice (20 per group) were inoculated with a
total of 4 X 10°, 4 X 10% 4 X 10°, or 4 X 10° PFU of 17syn+
on scarified corneal surfaces. Eyes and TG were harvested
from three mice per group on days 2, 4, and 6 p.i., and the
levels of infectious virus were determined. As measured by a
standard plaque titration assay, the acute replication kinetics
for the four input titers were similar. TG titers were greatest on
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day 4 in all groups, with a maximum difference between titers
of about fourfold (Table 1). At day 30 p.i., three mice from
each group were perfusion fixed, the TG were harvested, and
the numbers of neurons containing viral DNA and the viral-
genome copy numbers in individual latently infected neurons
were determined by CXA-D. As summarized in Table 1, the
number of latently infected neurons ranged from 10.6% for the
lowest input titer to 30.5% for the group receiving 2 orders of
magnitude more virus. The differences between the numbers of
latently infected neurons in the lowest- and two highest-input-
titer groups achieved statistical significance (P = 0.0195 and
P = 0.033, respectively; Fisher’s exact test). The number of
genome copies in the latently infected pool of neurons result-
ing from each input titer is shown in Fig. 5. If latently infected
neurons are grouped on the basis of viral-genome copy number
into low (<10)-, medium (10 to 100)-, and high (100 to 1,000)-
copy-number neurons, the percentage of neurons residing
within the medium- and high-copy-number groups increases
with increasing input titer.

DNA replication and the establishment of latency. ACV
class drugs have been shown to reduce viral replication at the
surface and in the ganglia when administered to mice during
acute infection (11, 12, 17, 43). This treatment has also been
shown to affect the number of ganglia which reactivate by
explant cocultivation (11, 12, 17, 43). However, the effect on
the establishment of latency has not been directly quantified.
ACV was administered to mice during the acute infection in
order to determine the impact of reduced viral replication on
the number of latently infected neurons in the TG and their
viral-genome copy number. Two groups of 20 mice each were
inoculated with 4 X 10* PFU of 17syn+. Starting at the time of
inoculation, one group of mice was treated with 50 mg of ACV
per kg administered three times a day intraperitoneally for 7
days, and the second group received sterile saline administered
identically. Tissues (TG and eyes) were harvested from three
mice per group for replication kinetics on days 2, 4, and 6 p.i.,
and levels of infectious virus were determined. As predicted
and as shown in Fig. 6, ACV treatment significantly reduced
the titers of infectious virus recovered from both the eyes and
TG. At 30 days p.i., three mice from each group were perfusion
fixed, the TG were dissociated, and the number of latently
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FIG. 5. Viral-genome copy numbers in individual latently infected neurons.
(A) Scattergram of the viral-genome copy number in individual latently infected
neurons from groups of mice inoculated with the input titers indicated. The copy
number was calculated from counts per minute of the individual sample and a
standard curve generated from samples containing known quantities of HSV
DNA amplified with each group of single-neuron samples. (B) Relationship
between the input titer (3, 4 X 10% 4, 4 X 10% 5, 4 X 10%; 6, 4 X 10°) and the
percentage of the total number of neurons in the latently infected ganglia con-
taining 0, <10, 10 to 100 or 100 to 1,000 viral-genome copies.
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FIG. 6. Viral replication in eyes and TG in sham- and ACV-treated mice.
Titers were determined in homogenates of tissues harvested from three mice
from each group. Tissues were homogenized in 1 ml of medium. The data are
PFU per milliliter of tissue homogenate.

infected neurons was determined for each group of six ganglia
as described above. The number of latently infected neurons
was dramatically reduced in the ACV-treated group compared
to the saline-treated controls. While 20% (32 of 160) of the
neurons in the sham-treated mice contained the viral genome,
only 1.1% (16 of 1,411) of neurons in ACV-treated mice were
positive (P < 0.00001). The number of viral genomes within
the pool of latently infected neurons was also dramatically
altered, with all of the positive neurons in the ACV-treated
mice containing <10 viral-genome copies compared to the
3-log range in viral-genome copies in neurons harvested from
the saline-treated controls (Fig. 7).

DISCUSSION

In this article it has been demonstrated that CXA-D can be
utilized to reproducibly quantify the number of latently in-
fected neurons within the ganglia as well as the viral-genome
copy number within individual latently infected neurons. This
is the first analysis which quantifies both of these aspects of
HSV latency. In order to validate the assay as a precise and
accurate measure of HSV latency at the single-cell level, the
following facts were established. (i) The dissociation of fixed
tissues yielded single cells with intact DNA, RNA, and protein.
(ii) The yields of neurons from fixed dissociated TG were
consistent from mouse to mouse. The fact that our yields were
10% greater than the highest estimates from sectioned mouse
ganglia (5, 10) demonstrated that significant numbers of neu-
rons were not being lost during the dissociation process. (iii)
The recovery of neurons in the enriched fraction of the Percoll
gradient was 30 to 40% of the input neurons. The analysis of
neurons in other portions of the gradient demonstrated that
this was a representative population with respect to latent viral
genomes. (iv) With immobilized DNase I, amplifiable extracel-
lular DNA was eliminated but the intracellular DNA was left
intact. (v) Mixing uninfected and latently infected ganglia or
purified neurons in given ratios reduced the PIN as predicted.
(vi) Analysis of a given pool of latently infected neurons using
two different primer sets from physically distant regions of the
viral genome gave the same percentage of infected neurons.
(vii) There was no statistically significant difference in the PINs
obtained from multiple analyses of the same pool of neurons
or the analyses of pools of neurons harvested from different
mice of the same inoculation group. (viii) In a comparison
using a TK™ mutant, the viral-genome copy number deter-
mined by whole ganglion PCR and that estimated from the
PIN and average viral-genome copy number were similar. With
the wild-type strain, calculations of the total viral-genome bur-
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den using the PIN, the average number of viral genome copies
per neuron, and the estimated 20,000-neurons/ganglion yield
values of 10° to 10° viral genomes, comparing well with the
range reported by other investigators using whole-ganglion
quantitative PCR (8, 16, 19, 35). In addition, several experi-
mental conditions were devised in which a logical predicted
outcome could be tested. As discussed below, the results of
these experiments further supported the conclusion that
CXA-D was accurately measuring ganglionic latency.

Our findings support and extend previous findings which
have indicated that neurons are the repository of latent HSV-1
genomes (6, 23, 25, 27, 28, 35, 38-42). CXA-D allowed a more
exhaustive analysis of nonneuronal cell types in the ganglia and
eliminated the difficulties in interpreting the origin of signals
on sectioned material. If support cells contain viral genomes, it
is an extremely rare event. Alternative interpretations of the
rare-positive support cell samples have been discussed. One
additional possibility is that these represent not latent viral
DNA but the very restricted spread of virus produced during a
spontaneous reactivation. Analysis of the number of positive
support cells before and after induced reactivation may shed
some light on this matter.

The standard inoculation route (corneal scarification), strain
(17syn+), and input titer (5 X 10* PFU) resulted in the estab-
lishment of latent infections in ~20% of the neurons in the
ganglia. This is fourfold higher than the 4.8% estimated by in
situ PCR. This could reflect differences in the sensitivities of
the two methods. Since only 48% of the cells known to contain
a diploid mouse gene were positive by in situ PCR, low viral-
genome copy number latency could go undetected (25). How-
ever, variation in the strain of mouse and the input titer may
also account for the difference observed. It is clear that a direct
comparison of in situ PCR and CXA-D is required to deter-
mine the relative sensitivities of the two procedures (32a).

Although it has been demonstrated that viral replication is
not essential for the establishment of latency (9, 37), there is
significant evidence that the amount of virus, either as input
PFU or as a result of surface replication, is involved in deter-
mining the total latent ganglionic viral-genome burden (dis-
cussed in reference 14). By experimentally manipulating viral
replication, input titer, and viral strain or specific mutant (44),
the number of latently infected neurons was found to range
from 1 to 30% or from 200 to 6,000 neurons/ganglion. It was
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FIG. 7. Scattergram of the viral-genome copy numbers in individual latently
infected neurons harvested from groups of mice treated during acute infection
with ACV or saline. The copy number was calculated from the counts per minute
of the individual sample and a standard curve generated from samples containing
known quantities of HSV DNA amplified with each group of single-neuron
samples.
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predicted that the outcome of varying input titer or reducing
viral replication would be reflected in a change in the number
of latently infected neurons, the number of viral-genome cop-
ies in individual neurons, or both. It was found that within a
defined range, a 2-log decrease in the input titer resulted in a
statistically significant reduction in the number of latently in-
fected neurons. Likewise as predicted, ACV treatment during
the course of acute infection dramatically reduced the number
of latently infected neurons.

For the first time, the number of viral genome copies within
individual latently infected neurons has been examined. Al-
though several investigators have calculated an average num-
ber of viral genomes by dividing the total viral-genome burden
by the number of LAT-containing cells (13, 16, 35), it is now
clear that the pool of latently infected neurons contain a vari-
able number of viral genomes. From comparison to HSV stan-
dards, it is apparent that the majority of latently infected neu-
rons contain fewer than 100 copies; a smaller percentage
contain >100. Because the PCR assay is set up so that there is
maximum linearity between 10 and 1,000 viral-genome copies,
values above 1,000 genomes cannot be accurately quantified.
The data indicates that a reduction in input titer shifts the
greatest number of neurons into the <10-copies group, while
an increase in titer results in the majority of neurons contain-
ing between 10 and 100 copies, although a more extensive
analysis of these populations is required to reach statistical
significance. ACV treatment had a profound effect on copy
number. One hundred percent of the latent pool examined
contained very low copy numbers, demonstrating that viral
replication plays a role in generating latently infected neurons
with a high viral-genome copy number.

CXA approaches add the opportunity to readily and accu-
rately determine the latent viral burden of the host on a cel-
lular basis to the arsenal of the molecular virologist. The ability
to examine the viral DNA within individual infected cells pro-
vides the opportunity to analyze virus genome structure, inte-
gration, and replication. Combined with the potential to ana-
lyze not only the DNA, but also the RNA content of these
individual cells (32), CXA will provide a new level of discrim-
ination in the identification of viral and cellular genes required
for the establishment, maintenance, and reactivation of latent
infections. Subsequent investigation of the role of these gene
products will significantly advance our understanding of the
molecular mechanisms whereby viral and cellular functions
regulate persistent and latent infections. This information may
lead directly to new chemo- and immunotherapeutic strategies
for the prevention and treatment of herpetic disease.
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